A common property of topological systems is the appearance of topologically protected zeroenergy excitations. In a superconductor or superfluid such states violate the Landau criterion for dissipationless flow. We check experimentally whether stable superflow is nevertheless possible in the polar phase of p-wave superfluid 3 He, which features a Dirac node line in the energy spectrum of Bogoliubov quasiparticles. The fluid is driven by rotation of the whole cryostat, and superflow breakdown is seen as the appearance of single-or half-quantum vortices. Vortices are detected using the relaxation rate of a Bose-Einstein condensate of magnons, created within the fluid. The superflow in the polar phase is found to be stable up to a finite critical velocity ≈ 0.2 cm/s, despite the zero value of the Landau critical velocity. This stability is provided by the accumulation of the flow-induced quasiparticles into pockets in the momentum space, bounded by Bogoliubov Fermi surfaces. In the polar phase this surface has non-trivial topology which includes two pseudo-Weyl points. Vortices forming above the critical velocity are strongly pinned in the confining matrix, used to stabilize the polar phase, and hence stable macroscopic superflow can be maintained even when the external drive is brought to zero. arXiv:2002.11492v1 [cond-mat.other] 
I. INTRODUCTION
There are two factors which support stability of supercurrent in superfluids and superconductors: topological stability and the Landau criterion. Topological stability protects quantized circulation of the supercurrent in a ring geometry. The Landau criterion protects the supercurrent against decays by the creation of quasiparticles when the flow velocity is below the Landau critical velocity v cL = min[E(p)/p], where E(p) is the energy spectrum of quasiparticles with momentum p. In Fermi superfluids and superconductors v cL ≈ ∆/p F , where ∆ is the gap in the energy spectrum of Bogoliubov quasiparticles and p F is the Fermi momentum. In topological systems, appearance of sub-gap (in particular, zero-energy) states or presence of nodes in the energy gap is ubiquitous. How does this affect stability of supercurrent in topological superconductors and superfluids?
Remarkably, in the topological superfluid phases of 3 He, supercurrent may persist when one of those constraints, or even both are not obeyed. Topological protection is absent in the chiral superfluid 3 He-A, where the circulation is topologically unstable towards a phase slip with the formation of skyrmions [1, 2] . However contrary to the statement in Ref. [2] , the superflow persists up to velocity v ∼ 0.1cm/sec [3] . Moreover, this velocity exceeds the Landau critical velocity, which is actually zero in 3 He-A due to presence of two point nodes [E(p) = 0] in the energy spectrum.
There are two reasons why supercurrent in 3 He-A remains stable under the violation of the Landau crite- * vladimir.eltsov@aalto.fi rion and in the absence of topological protection. On one hand, the absence of topological stability does not exclude local stability of superflow, which is supported by different factors such as anisotropy of the superfluid density, effects of boundaries, applied magnetic field or spin-orbit interaction. Under experimental conditions, the superflow is locally stable until the threshold is reached, at which the instability develops with formation of skyrmions [3] .
On the other hand, 3 He-A is a Fermi superfluid. In Fermi superfluids, superflows exceeding the Landau critical velocity do not necessarily lead to the destruction of superfluidity [4] . In the super-Landau superflow some Bogoliubov quasiparticle states acquire negative energy. Fermionic quasiparticles start to occupy those energy levels forming a Fermi surface. Such Fermi surface, which emerges in a superfluid or in a superconductor is called the Bogoliubov Fermi surface (BFS). In superfluid 3 He and cuprate superconductors [5] [6] [7] [8] it appears due to supercurrent, but in systems with a multiband structure of the energy spectrum or in systems with broken timereversal symmetry it may exist even in the absence of supercurrent [9] [10] [11] [12] [13] [14] [15] .
Appearance of the BFS gives rise to a non-zero density of states at zero energy and thus to a non-zero normal component density ρ n at T = 0. When all the negative states are occupied, the equilibrium value of ρ n (T = 0) is reached, and the non-dissipative superflow is restored, though with smaller superfluid density, ρ s (T = 0) = ρ − ρ n (T = 0). The superflow above the Landau critical velocity remains stable until some other critical velocity v c is reached. This can be either the velocity at which ρ n (T = 0) = ρ and thus the superfluid density ρ s = ρ−ρ n vanishes, or the critical velocity at which quantized vortices or skyrmions are created. Such super-Landau superflow has been recently reported in the fully gapped superfluid 3 He-B [16] , see also [17] .
The superfluid phases of 3 He [18] serve as a rich repository of exotic quantum phenomena in condensed matter and relativistic quantum vacua [4, 19] . Properties of these topological superfluids can be tuned in a wide range using nanoscale confinement [20] [21] [22] [23] . Recently a new phase of 3 He, the time reversal symmetric polar phase, Fig. 1 , has been engineered using such confinement [24] [25] [26] . Here we report the violation of the Landau criterion in the polar phase and discuss topology of the resulting Bogoliubov Fermi surface. In the polar phase the Landau critical velocity is zero due to presence of the node line in the quasiparticle energy spectrum. Nevertheless, we find that the supercurrent remains stable to essentially higher velocity, up to 0.24 cm/sec. At higher velocities it becomes unstable towards the creation of quantized vortices. The appearance of vortices is detected based on the increased relaxation rate of a Bose-Einstein condensate of magnon quasiparticles [27, 28] . Furthermore, we find that the forming vortices are strongly pinned to the strands of the confining matrix, which results in dynamics similar to vortex dynamics in superconductors. Vortices, created by rotation, remain in the sample for days after the rotation is stopped (as long as the temperature remains low enough). Thus, we are able to maintain long-living superflow exceeding the Landau critical velocity even in a stationary sample. These observed features of vortex dynamics in the polar phase are supported by numerical simulations.m The order parameter phase φ (background color) winds by 2π around a single-quantum vortex, and by π around a halfquantum vortex. To keep the order parameter single-valued, vectord (red arrows) also rotates around the HQV core, so thatd → −d when φ → φ + π. In non-axial magnetic field (green arrows) this leads to the formation ofd solitons connecting HQVs pairwise (blue dash line). Vortex cores, vector m, nafen strands, and the axis of rotation are perpendicular to the plane of the picture.
II. VORTICES IN THE POLAR PHASE
The polar phase of superfluid 3 He is not stable as a bulk phase, but can be stabilized by confining it within nafen [25] . Nafen is a solid nanomaterial consisting of long parallel strands [29] , Fig. 1 . The polar phase order parameter can be expressed as
Here ∆ P is the maximum gap in the quasiparticle energy spectrum, φ is the superfluid phase, andd is a unit vector in the spin space. Vectord is normal to the easy plane of magnetic anisotropy. Orbital anisotropy vectorm is locked along the nafen strands, while the node line in the energy spectrum develops in the plane perpendicular to the strands. Owing to the extension of the Anderson theorem [30] [31] [32] , these features are robust against disorder, introduced by the nafen strands. In our sample the strands (and thus vectorm) are oriented along the axis of rotation. Thus, the superflow is applied in the plane perpendicular to the strands. In this plane the Landau critical velocity is zero, v cL = 0.
The order parameter of the polar phase allows for both usual single-quantum phase vortices (SQV), around which φ → φ + 2π, and half-quantum vortices (HQV), where φ → φ + π and α → α + π (see Fig. 2 ). Here α is the azimuthal angle ofd in the plane perpendicular to the magnetic field. Thed vector is kept in this plane by the Zeeman energy in the magnetic field of 11.2 mT applied in our experiments. Additionally pure spin vortices with winding α → α + 2π and φ = const around the core can exist, but they are not relevant for the critical velocity in applied mass flow, so we do not discuss them here.
We create an equilibrium array of HQVs by rotating the sample at the angular velocity Ω in zero (or axial) magnetic field while slowly cooling it down to the superfluid state [33] . If the magnetic field is applied transverse to the rotation axis and the nafen strands, HQVs become energetically unfavorable [34] , and an array of SQVs is created on cooling through T c .
III. OBSERVATION OF VORTICES WITH NMR AND MAGNON BEC
Observation of vortices in our measurements is based on nuclear magnetic resonance (NMR) techniques. All measurements are performed on the cubic sample with 4 mm edge filled with nafen with density 243 mg/cm 3 at the pressure 7 bar and temperature 0.4 T c . Owing to spin-orbit interaction,d solitons connecting HQVs pairwise present traps for standing spin waves in the transverse magnetic field. Those spin states are seen in the continuous-wave NMR spectrum as a satellite line with the negative frequency shift from the Larmor value, Fig. 3 . The area of the satellite line I sat is proportional to the total volume occupied by the solitons. In the equilibrium vortex state at the angular velocity Ω, the total number of vortices (and solitons) in the sample is proportional to Ω, the soliton length is the intervortex distance which is ∝ Ω −1/2 , and the soliton thickness ∼ 20 µm is fixed by the spin-orbit interaction. Thus, the total volume of all solitons and the satellite intensity I sat ∝ Ω 1/2 [33] .
On the other hand, SQVs cannot be easily identified based on cw NMR spectra, since SQVs are not associated The relaxation rate increases as a function of rotation velocity Ω applied at the transition to the superfluid state. For HQVs the shown slope is extracted from the data in Ref. [33] with the contribution of vortices, created by the Kibble-Zurek mechanism (KZM), removed. For SQVs the transition through Tc occurs in transverse magnetic field and thus KZM is suppressed by the symmetry-violating bias [35] . The measured points are shown by symbols and the line is a fit to Ω 1/2 dependence. (b) As expected, for HQVs τ −1 M (points) is proportional to the total volume of thed-solitons between HQV cores, measured by the area of the satellite peak Isat in the normalized NMR spectrum, like in Fig. 3 . The line is a linear fit. For SQVs the origin of the magnon BEC relaxation remains unknown.
with a soliton structure and their cores are too small to provide noticable contribution to the signal. We therefore use another detection technique, which is sensitive to both SQVs and HQVs. It is based on measuring the relaxation rate of a Bose-Einstein condensate of magnon quasiparticles. In superfluid 3 He magnons, pumped to the sample by a radio-frequency excitation pulse, are long-living excitations. Under appropriate conditions they form a quasiparticle Bose-Einstein condensate [27] . The condensation is manifested by coherent precession of the magnetization: In the whole condensate magnetization precesses with the same frequency and coherent phase, despite the inhomogeneity of the magnetic field or variations in the spin-orbit interaction strength. This coherent spin state was discovered in 3 He-B as Homogeneously Precessing Domain (HPD) [36] and has been recently observed also in the polar phase [28] . In 3 He-B such condensates were used as sensitive probes of temper-
M when the rotation velocity Ω is gradually increased from 0 to 2 rad/s and then decreased back to 0 at constant temperature, starting from the state with no vortices. Two traces for two independently prepared initial states are shown, the respective Ω(t) dependences are plotted in Fig. 6a . Single-quantum vortices form first at Ω ≈ 1 rad/s. Pinning prevents vortices from disappearance when Ω is decreased. Before vortex formation, stable superflow with velocity up to vc ≈ 0.2 cm/s exists in the sample, while the Landau critical velocity vcL = 0 in the polar phase.
ature [37, 38] , collective modes [39] , spin supercurrents [40] , analogue event horizon [41] , and, most importantly in the context of this work, of vortices [42, 43] .
By measuring the free induction decay signal after creating a magnon condensate by an excitation pulse in the transverse magnetic field, we have found that the relaxation rate is sensitive to vortices also in the polar phase, Fig. 4 . Due to the inhomogeneity of our sample, the condensate splits at the end of its life time to several droplets in the minima of the effective potential. The relaxation rate τ −1 M of the longest-living droplet is shown on the figures. From the signal amplitude, we estimate that the volume occupied by this droplet is about 2% of the total sample volume. Therefore, the magnon BEC in our case resembles more the so-called Q-balls [44] [45] [46] , than the original HPD discovered in 3 He-B.
In Fig. 4 the relaxation rate τ −1 M (0) ≈ 10 s −1 measured in the absence of voritices is subtracted from the data. We attribute τ −1 M (0) to the presence of the confining nafen matrix. For HQVs, τ −1 M grows with the number of vortices and is proportional to the satellite intesity in the cw NMR spectrum, Fig. 4b . We conclude that the magnon BEC relaxation is concentrated in thed solitons between HQVs, where the spin configuration deviates from the equilibrium.
When the sample contains SQVs, a clear increase of the magnon BEC relaxation is observed (Fig. 4a) , while the satellite is absent (Fig. 3 ). For SQVs in 3 He-B, the origin of the HPD relaxation is conversion of the magnons from the condensate to longitudinal spin waves (light Higgs quasiparticles) in the distorted orbital texture surround-ing non-axisymmetric vortex cores [47] . In that case τ −1 M ∝ Ω in the equilibrium vortex state. In the polar phase the structure of vortex cores is not known and expected to be substantially affected by the nafen strands with diameter ∼ 0.1 of the core diameter and spaced by a few times larger distance. Simultaneously, the orbital texture is believed to be pinned by the strands. Thus, the origin of the magnon BEC relaxation from the singlequantum vortices in the polar phase (including its observed dependence τ −1 M ∝ Ω 1/2 ) remains unclear. That, however, does not prevent us from using τ −1 M to observe the critical velocity related to the SQV creation and further evolution of the SQV density when Ω changes.
IV. MEASUREMENT OF THE CRITICAL VELOCITY FOR VORTEX FORMATION
We prepare the initial state for the critical velocity measurements by slowly cooling down the stationary sample through the superfluid transition in a transverse magnetic field. This procedure suppresses the formation of both HQVs and SQVs [35] . Then, at constant temperature, we gradually increase the rotation velocity in small steps, reducing the applied field to zero before changing the velocity. When the change is finished, we restore the transverse field and measure a few magnon BEC relaxation traces. The results are presented in Fig. 5 .
There is a clear critial velocity, after which the relaxation rapidly grows, which we interpret as formation of quantized vortices. These vortices are seen to stay in the sample even when Ω is returned back to zero, as expected due to pinning on the nafen strands. After the Ω cycle is finished, we measure the cw NMR spectrum (blue line in Fig. 3 corresponds to the blue trace in Fig. 5 ) and find no satellite characteristic for half-quantum vortices. We thus infer that vortices formed during Ω cycle are SQVs. This means that in our experimental conditions the critical velocity for SQV formation is lower than that for forming HQVs. This is the case although the energy of an HQV pair is smaller than that of a single SQV in zero magnetic field (which is applied when Ω changes). A similar situation is observed in 3 He-A, where the critical velocity for the double-quantum vortex skyrmions [48] is lower than that of SQVs, while the energy preference is the opposite [49] .
Before first vortices are formed, the superfluid is in stable flow with non-zero velocity with respect to the walls of the container and to nafen strands, despite the fact that Landau critical velocity is zero in the polar phase. This supports the suggestion that super-Landau flow can be stable in fermionic superfluids owing to the formation of Bogoliubov Fermi surfaces. In our cubic container the flow is non-uniform and at Ω = 1 rad/s the maximum flow velocity of 0.2 cm/s is reached in the middle of each side wall of the square container cross-section. This value is somewhat lower than v c ≈ 1 cm/s observed for SQVs in bulk 3 He-B, where it was also found to depend strongly Fig. 5 with the same colors, result in creation of SQVs only. The cw NMR spectrum measured at the end of the run marked with blue color is shown in Fig. 3 with the same color. (b) Rapid changes in rotation velocity over 24 hours do produce HQVs in addition to SQVs. One out of the ten periods of such drive applied in the course of the measurement in zero magnetic field is shown, corresponding to 1 cm/s maximum change in the flow rate in the sample container. The cw NMR spectrum measured after the run is shown in Fig. 3 with magenta color.
on the surface conditions [50] . For confined samples control of the surface conditions, especially at the boundaries of the confining matrix, remains a challenge for the future. It is interesting that the magnon BEC relaxtion observed at the maximum angular velocity during Ω sweep measurements in Fig. 5 exceeds that measured for equilibrium SQV array in Fig. 4a . We believe that due to nonuniform flow and pinning, the vortex array created with Ω sweep is also not uniform (see Section VI). Since the magnon BEC droplet measures vortex density locally, it is possible that a nonuniform vortex array can produce a larger signal than the equilibrium vortex distribution at the same Ω.
Remarkably, we are able to create also HQVs in the superfluid state by changing the rotation velocity rapidly enough. In this case SQV creation and annihilation is not able to compensate for changes in the rotation velocity fast enough, and local flow velocity can exceed the HQV critical velocity. We vary the rotation velocity between Ω = +2.25 rad/s and −2.25 rad/s for several hours, see Fig. 6b . While the amount of SQVs created in this process increases magnon BEC relaxation beyond what can be measured, HQVs are also created, as seen from the appearance of the satellite in the cw NMR spectrum (magenta trace in Fig. 3) . Therefore it is possible to set bounds for the HQV critical velocity for the conditions of the measurements: it exceeds 0.2 cm/s but is below 1 cm/s.
V. BOGOLIUBOV FERMI SURFACE IN THE POLAR PHASE
Detection of stable superflow in the polar phase is an indirect indication of the formation of the BFS. Let us discuss the structure and the topology of such Fermi surface and make predictions for observables, resulting from the appearance of the non-thermal normal component. Quasiparticle energy spectrum in presence of a superflow v s is Doppler shifted:
where v F is Fermi velocity, and c = ∆ P /p F . The Bogoliubov Fermi surface is given by solution of the equation E(p) = 0. Fig. 7 demonstrates the BFS for the superflow in the (x, y) plane transverse to them vector. Such Fermi surface resembles that in graphite, where the chain of touching electron and hole pockets is present [51] [52] [53] [54] [55] . The BFS in the polar phase has nontrivial topology associated with the conical touching points of the Fermi surface pockets at p = ±p Fvs ×ẑ. It is similar but not identical to that of the Weyl point in Weyl semimetals and in 3 He-A, as shown below. We thus call the touching points pseudo-Weyl points [55] .
The Bogoliubov-de Gennes Hamiltonian for the polar phase can be written in terms of the vector n(p):
where τ 1 and τ 3 are Pauli matrices in the Bogoliubov-Nambu particle-hole space, and as distinct from the Weyl Hamiltonian the matrix τ 2 is missing. The components of the vector field n(p) are n 1 (p) = cp z , n 2 (p) = p · v s and n 3 (p) = v F (p − p F ). One can write the invariant, which is similar to that for the Weyl points:
where the unit vectorn = n/|n|, and S 2 is the spherical surface around the touching point. The topological charges of the two pseudo-Weyl points are N 3 (pseudo) = ±1.
The BFS in the polar phase results in a finite density of states (DoS):
where N F = p F m * /π 2 is DoS in normal liquid 3 He. This gives the linear in v s additional heat capacity C and the finite density of the normal component at T = 0:
where C F (T ) is heat capacity of normal liquid, and m * = p F /v F is effective mass. For w ∼ 0.2 cm/sec the addtional DoS is on the order of 0.05N F , which, in principle, should be detectable in heat capacity measurements. The superflow also suppresses the gap amplitude. According to Muzikar and Rainer [56] the suppression of the gap at T = 0 and v s /c 1 is:
This modifies the spin-orbit interaction:
A well-established method to measure the strength of the spin-orbit interaction in superfluid 3 He is through the shifts of the characteristic lines in the NMR spectra. The smallness of the expected effect in Eqs. (8) and (9) will, however, make this measurement challenging. At finite temperature T relevant to experiments, the gap suppression is modified [57] : 
(11) Here the parameters α 1 , α 1 , α 2 , α 2 are of order of unity.
VI. NUMERICAL SIMULATIONS
We can gain qualitative understanding of the process that creates vortices during Ω sweep in the superfluid state with a simple numerical model (Fig. 8) . In the simulation we study the cross section of a square sample container, rotated along the axis perpendicular to the cross section. The flow velocity is calculated as the sum of the potential flow in a box, and the contribution from vortices, which in the two-dimensional simulation are points. Vortices carry one quantum of circulation either in the positive direction (along rotation velocity) or in the opposite direction (antivortices).
We start from the configuration with no vortices and zero rotation velocity Ω. Then Ω is increased in small steps of 5 · 10 −3 rad/s. After each step we calculate the superfluid velocity in the rotating frame on a grid of 201 × 201 points, which simulate pinning sites. If the flow velocity magnitude exceeds 0.1 cm/s (critical velocity in the simulation), a vortex or an antivortex is placed on the pinning site on the condition that the free energy of the system is lowered as a result. Vortices with positive and negative circulation at the same site annihilate each other. Once created, vortices are not allowed to move. This emulates the strong pinning by nafen observed experimentally [33] . The flow field of the vortex is then added to the total flow. Vortices can only be removed by the annihilation.
In this model, the resulting vortex configuration forms a non-uniform pattern (Fig. 8 ) which resembles that observed in superconducting thin-film systems where pinning is also strong [58] [59] [60] . The total number of vortices rapidly increases from zero when velocity of the potential flow exceeds the imposed critical velocity. This occurs at the middle of each of the four container walls. From those points avalanches of vortices emerge. This feature resembles the substantial jump in τ −1 M at the critical velocity in the experiments. Thereafter vortex number in simulations grows more continuously.
When the rotation velocity is decreased, many of the vortices with positive circulation are annihilated by antivortices. The total number of vortex and antivortex points nevertheless mostly increases. Qualitatively these observations explain the features seen in the experiments. In particular, the simulation provides a scenario that explains why the observed magnon BEC relaxation rate never decreases with changes in the rotation velocity.
VII. CONCLUSIONS
In conclusion, we have experimentally observed stable superflow in the polar phase of 3 He at velocities exceeding the Landau critical velocity. The stability of superlow is limited by creation of single-quantum vortices (at velocities of about 0.2 cm/s) and half-quantum vortices (at velocities below 1 cm/s). This signifies formation of the Bogoliubov Fermi surface and of the nonthermal normal component at super-Landau velocities. The next exciting development will be to observe the contribution of the flow-induced quasiparticle states to thermodynamic quantities, e.g. those predicted by Eqs. (7), (8) and (11) . In this respect the polar phase provides much brighter prospects than the 3 He-A phase, where superflow exceeding the Landau limit was observed earlier: The polar phase possesses a whole node line, while the A phase has two point nodes. Hence, the contribution of the states below the Bogoliubov Fermi surface is expected to be significantly larger in the polar phase ρ polar n (T = 0)/ρ ∼ p F v s /∆ P than in the A phase ρ A n (T = 0)/ρ ∼ (p F v s /∆ A ) 2 . Additional enhancement comes from the fact that the maximum v s ∆/p F , limited by vortex formation critical velocity is found to be larger in the polar phase, where vortices have hard cores, than in the A phase, where soft-core skyrmions are created.
We also find that vortex dynamics in our system is hindered by the strong pinning enforced by nafen, the nanomaterial used to stabilise the polar phase. In general, such vortex dynamics is closer to that in superconductors, than that in classical superfluids. We can generilize our results and conclude that appearance of protected zero-energy states in topological superfluids and superconductors does not prevent existence of stable superflow in such systems. While this stable state corresponds to the occupied Bogoliubov Fermi pockets, the initial process of filling the pockets during the super-Landau radiation of quasiparticles is also a facinating problem for future research, as it has similarities to the Hawking radiation from the black-hole horizon [61] [62] [63] . Finally we note that recent successes in stabilization of uniform ultracold quantum gases [64] open possibilities to study superfluid dynamics in the regimes unaccessible in helium. In would be intriguing to observe evolution of the super-Landau superflow [65] in the crossover from the BCS to BEC regime via the unitary gas, when the spectrum of Bogoliubov excitations in the stationary system changes drasctically.
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